Surface-diffusion-controlled incorporation of nanosized voids during hydrogenated amorphous silicon film growth
The incorporation of nanosized voids during hydrogenated amorphous silicon film growth is studied by measurements of the film mass density and the hydrogen present at the void surfaces. The observed dependence of the density of nanosized voids on the growth flux and substrate temperature is explained in terms of a surface-diffusion-controlled void incorporation model. From this analysis, an activation energy for surface diffusion in the range of 0.77-1.05 eV has been found, a value which is in agreement with the activation energy obtained from the analysis of the surface roughness evolution during growth in a previous study. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1853508͔ Nanosized voids are important in the morphology of optoelectronic materials as these voids are related to electronic defects, while they also enhance optical losses. The voidrelated properties have therefore negative effects on the performance of these materials in devices such as solar cells 1 and photonic waveguide structures. 2, 3 Since the incorporation of nanosized voids depends on the growth technique employed, a good understanding of the film growth mechanism and more specifically the incorporation of these nanosized voids is essential for manufacturing improved device structures. A possible incorporation mechanism of nanosized voids has been revealed by two-dimensional molecular dynamic ͑MD͒ simulations in which it was observed that surface valleys or film roughness can finally evolve into nanosized voids in the bulk during film growth. 4, 5 This incorporation mechanism of nanosized voids is illustrated schematically in Fig. 1 . The main outcome of the MD studies is that void incorporation is controlled by the competition between the diffusivity of surface species and the arrival rate of the growth precursor at the surface. The importance of these observations will be demonstrated by the growth of hydrogenated amorphous silicon ͑a-Si: H͒ for which typical nanosized voids with a diameter of approximately 4 nm 6, 7 ͑corresponding to Ͼ10 3 "missing" silicon atoms͒ have been reported. The void surfaces are covered by silicon-hydride species. 8 In this letter we will report on the study of the void incorporation during a-Si: H growth and its dependence on substrate temperature T and growth flux. In close analogy with the aforementioned MD calculations, 4,5 the experimental results will be analyzed by a model based upon the competition between surface diffusion and growth flux.
The a-Si: H films have been deposited using the expanding thermal plasma deposition technique 9 under conditions where the SiH 3 radical is the key growth precursor. This growth can be considered as purely chemical in nature, i.e., the surface processes control the growth process in the absence of high-energy ion-bombardment. The growth of a-Si: H under these conditions is well characterized in previous studies, which have revealed the T-independent SiH 3 surface reaction probability and the T-dependent surface hydride composition. 10 Furthermore, the existence of a thermally activated surface diffusion process during a-Si: H growth has been proven under these conditions by the study of the T dependence of the scaling behavior of the surface roughness evolution during film growth. 11 An activation energy of the surface diffusion process of ϳ1.0 eV has been found. 11 The mechanism of surface diffusion and/or the mobile surface species or features have not been identified.
Two methods have been employed to study nanosized void incorporation during a-Si: H growth. In the first method the hydrogen at void surfaces has been used as a measure of the void density. The silicon hydrides Si-H x ͑x = 1 or 2͒ at void surfaces has been determined by means of the high stretching mode ͑HSM, 2070-2100 cm −1 ͒ in infrared spectroscopy data as described in Ref. 8 . For a hydrogen content c H Ͼ 14 at. %, hydrogen is dominantly located on void surfaces, whereas for c H Ͻ 14 at. % hydrogen resides predominantly in divacancies as monohydrides, which contribute to the low stretching mode ͑LSM, 1980-2010 cm −1 in the infrared spectrum͒. In the second method the void fraction has been determined from the film mass deficiency defined as f m = ͑1− a-Si:H / a-Si ͒ with a-Si:H and a-Si the mass density of a-Si: H and a-Si, respectively, as discussed in Ref. The void fraction has been studied for a large set of samples, by varying the deposition rate R d from 2 up to 120 Å / s and the T from 100 up to 500°C resulting in five mass growth fluxes ⌫ a-Si:H = 0.045, 0.11, 0.48, 1.5, and 2.7 g cm −2 s −1 , which are found to be independent of T. 13 Both the hydrogen content c HSM contributing to HSM and f void as a function of the substrate temperature are shown in Fig. 2 . Both parameters show that at high temperatures almost no voids are incorporated in the material. In these compact films, H resides mainly at divacancies. 8 A critical temperature T c can be defined, above which the growth can be considered as compact. The T c has been determined for the five different mass growth fluxes and the results are shown in an Arrhenius-type plot of ⌫ a-Si:H vs T c in Fig. 3 . The T c increases for increasing ⌫ a-Si:H reflecting that a higher T c is required at higher growth rates. The relation between both parameters corresponds to an Arrhenius dependence and the slope in Fig. 3 can be regarded as a measure of the activation energy of the process responsible for the void incorporation.
A hypothesis that can explain Fig. 3 and which is in agreement with the void incorporation observed in the MD calculations 4, 5 is that surface diffusion is the process that controls the incorporation of voids during film growth. A similar incorporation mechanism has been suggested by Thornton 14 to describe the void incorporation in metallic films deposited by sputtering in T / T m Ͻ 0.3 range, with T m the metal melting point. In other words for T sub Ͼ T c the diffusion is effective, valleys ͑when generated͒ are filled and less or no voids are incorporated, whereas if the diffusion is ineffective ͑T sub Ͻ T c ͒ voids can be incorporated ͑cf. Fig. 1͒ . T c can be considered as a measure of the activation of the surface diffusion at a certain growth flux. The dependence in 
The lateral diffusion length L a in Eq. ͑1͒ also depends on both ⌫ a-Si:H and T sub . Das Sarma et al. 15 showed that in general the diffusion length L a scales with D and the growth flux ⌫ ͑for a-Si: H growth ⌫ = ⌫ a-Si:H ͒ according to L a = ␣͑D / ⌫͒ ␥ for compact solid on solid growth, where ␣ is a constant and ␥ a scaling exponent which can have the values 1 / 6 ഛ ␥ ഛ 1 / 4 for surface diffusion on a two-dimensional surface. 15 Note that on the basis of this scaling L a is much more weakly activated than D. Substitution of L a in Eq. ͑1͒ results in an Arrhenius-type relation:
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If we apply Eq. ͑2͒ exclusively to the data based upon the c HSM or f void results we obtain an activation energy for diffusion of E dif = 0.77± 0.11 eV and E dif = 1.05± 0.13 eV, respectively, whereas if we apply Eq. ͑2͒ to both data sets in Fig. 3 , we obtain E dif = 0.85± 0.11 eV. The value range of the activation energy for surface diffusion found, which is within the range 0.77-1.05 eV, is very close to the ϳ1.0 eV activation energy found from the temperature-dependent scaling of the roughness evolution under the same deposition conditions. 11 Since the proposed Fig. 2 . The lines represent fits of Eq. ͑2͒ on the HSM data ͑dotted line͒, f void data ͑dashed line͒, and the combination of the HSM and f void data ͑solid line͒, respectively. The activation energies obtained are E dif = 0.77± 0.11 eV, E dif = 1.05± 0.13 eV, and E dif = 0.85± 0.11 eV, respectively. model that void incorporation is controlled by diffusion results indeed in an activation energy that matches with the activation energy of the surface diffusion and since the model is in line with the void incorporation mechanism as observed in MD calculations, 4, 5 we conclude that the void incorporation is surface diffusion controlled.
Another study has also reported the empirical value of an activation energy for surface diffusion on a-Si: H surface. 16 Bray et al. found a lower activation energy of 0.2 eV by means of the temperature dependence of L a 2 , with L a deduced from surface morphology scans measured by atomic force microscopy. Note that this activation energy of L a 2 is an underestimation of the activation of D, due to the scaling relation between both parameters L a ϳ͑D / ⌫͒ ␥ 15 as mentioned earlier. Furthermore, Bray's results are hard to compare with the activation energy for diffusion found in this letter since in contrast to the deposition conditions used by Bray et al. 16 our deposition conditions are without high ion bombardment and therefore any ion bombardment induced enhancement of surface diffusion is absent. 17 The relatively "high" activation energy values ͑ϳ1.0 eV͒ found are intriguing in the sense that it contradicts the hypothesis, often proposed in a-Si: H literature, that the a-Si: H surface diffusion is controlled by weakly adsorbed radicals. 16, [18] [19] [20] [21] The activation energies found ͑0.77-1.05 eV͒ imply that the surface diffusing species during a-Si: H growth may be chemical bounded or that for an unknown reason the energy barrier to a diffusional state on an amorphous surface is higher.
The fit in Fig. 3 also provides a prefactor ⌫ 0 = D 0 ͑t m a-Si:H / ␣ 2 ͒ 1/͑1−2␥͒ , from which the absolute value for the lateral diffusion length at T = T c can be estimated. Using
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From Fig. 3 we obtain a prefactor ⌫ 0 on the order of 10 4 -10 6 g cm −2 s −1 . The prefactor of the diffusion coefficient is estimated by D 0 = ⌳ 2 / hop , with ⌳ the lattice site distance ͑ϳt m ͒ and hop the "hopping time" ͑ϳh /2kT c ͒. Applying Eq. ͑3͒ on the experimentally determined ⌫ 0 value and the assumed D 0 value, we find that the lateral diffusion length L a is in the range of 20-200 nm at T c = 250°C, implying about 500-5000 hops for random walk diffusion. The found L a is roughly related with the averaged distance between the valleys L v , which ends up as voids in the material. If we assume that the voids have a typical diameter of 4 nm and use c HSM Ϸ 1 at. % H at T = T c ͑see Fig. 2͒ , we can estimated that L v ϳ 22 nm, a value on the same order as the L a values obtained.
Above T c ͑c H Ͻ 14 at. % ͒ compact films are grown in which the hydrogen resides predominantly in divacancies. 8 Therefore we would like to stress that the hydrogen incorporation of compact films is only ruled by the vacancy incorporation mechanism, whereas the hydrogen incorporation below T c is ruled by both the void and vacancy incorporation mechanism. It is noteworthy that most hydrogen incorporation models are based upon random incorporation of Si-H bonds in the matrix, 21, 22 and therefore not in agreement with the observation that H is located at vacancies or voids. 8 In summary, in this letter we have demonstrated that nanosized voids are incorporated in the absence of sufficient surface diffusion during SiH 3 dominated a-Si: H growth with negligible surface ion bombardment. The void incorporation is explained in terms of a model in which the surface diffusion competes with growth flux. This model has been applied to the observed dependence of the void fraction on growth flux ⌫ a-Si:H and T and an activation energy for surface diffusion of 0.77-1.05 eV is deduced, a value in agreement with previous results from Ref. 11.
